Aim: Few studies have evaluated patients after cardiac surgery for subsequent chronic kidney disease (CKD) which increases cardiovascular morbidity and mortality. This study aimed to ascertain the long-term renal outcome in adult patients with severe acute kidney injury (AKI) after coronary artery bypass graft (CABG) surgery. Methods: This is a single-center retrospective cohort study of consecutive adult patients who received acute dialysis for AKI after CABG between February 8, 2009 and January 30, 2011. Data on pre-and intra-operative factors were retrieved from electronic medical records. The primary endpoint was CKD progression as defined by dialysis dependence or doubling of serum creatinine from the pre-operative level. Secondary endpoints included in-hospital mortality and renal function at 3 months and 1 year. Results: Fifty-five patients required acute dialysis after CABG. 
Introduction
Cardiovascular disease is the leading cause of mortality worldwide [1] . Among patients with severe or multi-vessel coronary artery disease, coronary artery bypass graft (CABG) improves survival compared to medical revascularisation [2] . However, acute kidney injury (AKI) is common after cardiac surgery, ranging from 10 to 60% depending on the definition used [3] [4] [5] [6] [7] [8] . AKI was associated with greater short-term mortality such that up to 40-60% of patients with severe AKI died during the hospitalisation [3, 9, 10] . A recent meta-analysis confirmed that patients who required dialysis for AKI post-operatively had greater early mortality [7] . Although some studies have examined long-term mortality and cardiovascular outcomes in survivors of severe AKI after cardiac surgery [6, [11] [12] [13] , few have evaluated the long-term renal outcomes and prognostic factors for chronic kidney disease (CKD) [4] . A systematic review of studies published between 2004 and 2014 by Pickering et al. [7] using consensus definitions for AKI did not find any studies that reported associations between bypass-associated AKI and CKD. As CKD and end-stage renal disease (ESRD) are associated with increased cardiovascular morbidity and mortality, decreased functional capacity and quality of life, as well as increased healthcare and socioeconomic costs [14, 15] , we need to identify at-risk individuals for closer monitoring. This study thus aimed to ascertain the incidence and risk factors for adverse long-term renal outcomes in adult patients with severe AKI requiring acute renal replacement therapy (ARRT) after CABG surgery.
Methods
In this retrospective, Institutional Review Board-approved study (reference number 2008/270/C), patients who underwent on-pump cardiopulmonary bypass (CPB) for CABG and developed severe AKI requiring ARRT between February 2009 and January 2011 were identified using records from the Department of Cardiothoracic Surgery and the Renal Dialysis Center. Patients who were dialysis-dependent prior to surgery or died within 48 h post-operatively were excluded. Individual medical records were reviewed and information collected included patients' demographics; risk factors for CKD and coronary artery disease such as hypertension, diabetes mellitus and cerebral or peripheral vascular disease; cardiac function including pre-operative myocardial infarction, left ventricular systolic ejection fraction; European System for Cardiac Operative Risk Evaluation (EuroSCORE) [16] ; pre-operative need for inotropic or ventilatory support including intra-aortic balloon pump or extracorporeal membrane oxygenation, and pre-and post-operative hemoglobin. Peri-operative data retrieved included need for emergency surgery; concurrent valve surgery; duration of CPB, and need for surgical re-exploration.
Pre-operative serum creatinine was defined as the last recorded serum creatinine value within 1 week before surgery, while post-operative serum creatinine was defined as the peak serum creatinine within 48 h after surgery. Serum creatinine was measured by the Jaffe method (Unicel DxC 800, Beckman Coulter) calibrated to the National Institute of Standards and Technology Liquid Chromatography Isotope Dilution Mass Spectrometry (LC-IDMS) and expressed in micromoles per liter (μmol/l). Estimated glomerular filtration rate (eGFR) was calculated by the CKD EPI formula which was validated in our local population [17, 18] . AKI was present if post-operative serum creatinine increased ≥ 0.3 mg/dl (26.4 μmol/l) within 48 h after the preoperative value, according to the Kidney Disease: Improving Global Outcomes (KDIGO) recommendations [19] . The severity of AKI was graded in accordance to the modified Acute Kidney Injury Network (AKIN) classification using changes in serum creatinine only as hourly urine output data were not available in all patients. Stage 1 was defined as a serum creatinine increment of >26.4 μmol/l to 1.5-2 times the pre-operative value; stage 2 if serum creatinine increased to 2-3 times the pre-operative value, and stage 3 if it increased to >3 times the pre-operative value [20] . The time from surgery to dialysis initiation and modality of ARRT at initiation [continuous renal replacement therapy (CRRT) or sustained low-efficiency dialysis] were also recorded.
Primary outcome was CKD progression as defined by dialysis dependence for ESRD or doubling of serum creatinine from the pre-operative level. Other outcomes included in-hospital mortality and renal function measured by CKD EPI eGFR at 3 months and at 1 year amongst survivors. Data was censored at the last clinic visit, ESRD, or death. IBM SPSS Statistics 21.0 (IBM Corp., Armonk, N.Y., USA) was used for statistical analysis. Categorical variables were presented as percentages, and continuous variables were summarised as medians with interquartile ranges (IQR). Differences between patients with primary outcomes versus those without were analysed using the Fisher's exact test or Mann-Whitney U tests where appropriate. Statistical significance was defined as p < 0.05.
Results
Among 1,489 patients who underwent CABG between February 2009 and January 2011, 55 patients had severe AKI requiring ARRT. Their demographic, comorbidity, and peri-operative clinical parameters are described in table 1 . These patients were generally very unwell prior to surgery, with 13 patients (23.6%) requiring inotropic or ventilatory support and one third (34.5%) requiring emergency bypass. Median pre-operative serum creatinine and eGFR were 157 μmol/l (IQR: 122, 203) and 37.5 ml/min/1.73 m 2 (IQR: 22.2, 49.3), respectively. AKI occurred within 48 h after CABG in 43 patients (78.2%). Serum creatinine at RRT initiation was available in 53 patients. Twenty-six patients (47.3%) had AKIN stage 3, 11 (20.0%) had stage 2, and 16 (32.7%) had stage 1 at the time of RRT initiation. Among 49 patients who had their urine output documented, 48 had oliguria at the time of RRT initiation. The type of RRT modality at initiation was documented in 46 patients. Sustained low-efficiency hemodialysis was the modality at initiation in 17 patients compared to CRRT in 29 patients, of whom 25 received continuous veno-venous hemodialfiltration (CVVHDF). 54.1), respectively. Among the 36 survivors, 14 (38.9%) had CKD progression, of whom 6 had dialysis-dependent ESRD. Table 2 compares the patients who had progressive CKD with those who did not. There were no significant differences between the groups regarding co-morbidities, pre-operative cardiac function, EuroSCORE, or need for inotropic and ventilatory support. a ARRT modality at dialysis initiation was available in 32 survivors.
Discussion
Among this cohort of critically ill patients requiring ARRT after CABG, nearly 80% developed AKI early within 48 h after surgery. Cardiac surgery potentiates the risk of ischemic injury and acute tubular necrosis by several mechanisms: the mean arterial pressure in CPB tends to be low, and patients often have hypotensive episodes during surgery from general anesthesia or blood loss. It is also postulated that non-pulsatile flow in CPB disrupts the renal vascular autoregulation and generation of free hemoglobin during CPB causes endothelial injury and subsequent glomerulosclerosis, which leads to CKD [21] . Despite this risk for CKD, there is little data on long-term renal outcomes in the post-cardiac surgery literature [7] .
This study showed that among survivors of severe AKI requiring ARRT after CABG, almost half of the patients developed progressive CKD. In a similar single-center retrospective study, Srivastava et al. [22] evaluated 82 hospital survivors who required ARRT after cardiac surgery. At a mean follow-up of 5.2 years, 3 patients (3.6%) required dialysis and 18 (21.9%) required surveillance by renal physicians because of a deterioration in renal function. Luckraz et al. [23] found that 2 patients (2.2%) required long-term dialysis among 92 patients who required CRRT after cardiac surgery. However, renal function among dialysis-free survivors was not described in either study [22, 23] . Factors which appear to predict poorer long-term renal outcome include higher pre-operative serum creatinine and greater post-operative increment in serum creatinine [22, 24] . Ishani et al. [24] retrospectively studied 29,388 patients who underwent cardiac surgery and found that incident CKD (defined as eGFR <60 ml/min/ 1.73 m 2 ) occurred in 25.1% of patients without post-operative AKI compared to 53.5% of patients with a ≥ 100% increase in post-operative serum creatinine level. A recent multicenter Swedish study of 29,330 post-CABG patients confirmed that the ESRD risk was greater in patients with more severe AKI. The adjusted hazard ratio (95% confidence interval) for ESRD was 2.92 (1.87, 4.55) for AKIN stage 1 and 3.81 (2.14, 6.79) for AKIN stages 2 and 3 [25] .
There is increasing interest in determining the optimal timing of ARRT to optimise outcomes for critically ill patients with AKI. Among patients after cardiac surgery, a 'late' ARRT start of >3 days post-operatively was associated with increased in-hospital mortality (80.4%), compared to those who started ARRT within 3 days of surgery (80.4 vs. 53.2%, p < 0.001) [26] . Using AKIN stage 3 as a definition for 'late' start versus AKIN stages 1 and 2 as 'early start', we did not find an association with mortality or CKD progression. This is consistent with recent studies in critically ill septic AKI patients that found no difference in-hospital mortality when creatinine-based criteria were used to determine ARRT initiation [27, 28] . A change in peri-operative serum creatinine levels in critically ill patients may be less reliable as a biomarker of renal injury as it can be influenced by muscle mass, concurrent sepsis, or hemodilution during surgery [29] . Also, patients who initiate ARRT at milder serum creatinine increments may have concurrent oliguria or fluid overload, which contribute to the need for ARRT. Unfortunately, volume status was not readily available in our retrospective study. Similarly, other retrospective studies on AKI have identified urine output and fluid status as frequently missing data [3] .
The dilemma of defining pre-morbid renal function is often encountered in AKI studies. In the absence of consensus criteria, we used the pre-operative serum creatinine value for defining 'baseline' kidney function. This is consistent with other large epidemiological studies on AKI in post-cardiac surgery patients and the large ASSESS-AKI study which defined 'baseline' kidney function based on pre-operative serum creatinine results within 7 days before non-urgent cardiac surgery [3, 30] . However, we recognise that patients who require emergency surgery after myocardial infarction may have elevated pre-operative serum creatinine compared to their true baseline values. Other limitations of this study include a small study population with possible inadequate power to detect a significant difference. Due to its retrospective nature, potential confounders such as indications for initiating ARRT and subsequent nephrology management were not standardized. As this was a single center study and all CABG surgeries were conducted with CPB support, these results may not be generalizable to patients with different risk profiles or centers with different surgical practice such as use of the off-pump technique.
In conclusion, patients with pre-existing renal impairment are at risk of long-term deterioration after surviving severe AKI requiring ARRT after CABG surgery. These individuals will require regular outpatient monitoring with timely nephrology referrals in the event of deterioration.
Disclosure Statement
The authors confirm that they have no relevant financial interests.
